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Abstract. When observers indicate the magnitude of a previously viewed spatial extent by walking without vision to each endpoint, there is little evidence of the perceptual collapse in depth
associated with some other methods (eg visual matching). One explanation is that both walking
and matching are perceptually mediated, but that the perceived layout is task-dependent. In this
view, perceived depth beyond 2 ^ 3 m is typically distorted by an equidistance effect, whereby the
egocentric distances of nonfixated portions of the depth interval are perceptually pulled toward the
fixated point. Action-based responses, however, recruit processes that enhance perceptual accuracy
as the stimulus configuration is inspected. This predicts that walked indications of egocentric
distance performed without vision should exhibit equidistance effects at short exposure durations,
but become more accurate at longer exposures. In this paper, two experiments demonstrate that
in a well-lit environment there is substantial perceptual anisotropy at near distances (3 ^ 5 m), but
that walked indications of egocentric distance are quite accurate after brief glimpses (150 ms),
even when the walking target is not directly fixated. Longer exposures do not increase accuracy.
The results are clearly inconsistent with the task-dependent information processing explanation,
but do not rule out others in which perception mediates both walking and visual matches.

1 Introduction
When observers indicate the magnitude of spatial extents in well-structured viewing
conditions, their responses often show evidence of a systematic perceptual distortion in
3-D spatial layout. A number of studies suggest that beyond relatively near distances
(eg 1 m), the perceived extent of intervals oriented in depth becomes increasingly foreshortened relative to that of physically equal intervals oriented in a frontoparallel plane
(Baird and Biersdorf 1967; Levin and Haber 1993; Loomis et al 1992; Loomis and
Philbeck 1999; Norman et al 1996; Todd et al 1995; Toye 1986; Wagner 1985). At a
viewing distance of 2 m, the relative compression is fairly small (about 15%), while at
distances of 20 ^ 40 m it can increase to 50% or more. These findings are remarkably
robust and have been established by a variety of different behavioral tasks. One task
that yields representative performance is called `visual matching'. In a visual matching
task, observers attempt to adjust the magnitude of a standard interval, oriented either
in depth or in a frontoparallel plane, to match an interval oriented in some other
direction (eg Baird and Biersdorf 1967; Loomis et al 1992; Norman et al 1996).
Under comparable viewing conditions, however, a different pattern emerges when
observers indicate the magnitude of spatial extents by walking without vision: the dependence on viewing distance and orientation of the extent disappears (Beusmans 1998;
Loomis et al 1992; Philbeck 1997). After viewing an extent, observers close their eyes
and attempt to walk out to it, stopping briefly to indicate the location of each endpoint.
This response has been called `visually directed walking', a term used to emphasize the
fact that although walking is directed to the location specified by vision, vision is not
available while the response is being executed. By contrast, during `visually guided
walking', vision is available continuously to guide walking as it is produced. Loomis
et al (1992) originally used the visually directed walking response to investigate the
perception of exocentric intervals because they had been impressed with the accuracy
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with which observers indicated egocentric (or absolute) distances by walking without
vision. Visually directed walking has been used extensively as an indication of egocentric
distance, and accurate responding is a basic result that has been replicated many times
(Corlett et al 1985; Elliott 1986; Loomis et al 1998; Philbeck and Loomis 1997; Rieser et al
1990; Sinai et al 1998; Steenhuis and Goodale 1988; Thomson 1983). Loomis et al (1992)
wondered whether indications of exocentric intervals made by visually directed walking
would show a similar accuracy. They found that, although there was some overwalking
of the intervals, there was no anisotropyödepth and frontal intervals were overwalked by
the same amount. However, when the same observers adjusted a depth extent to match
a frontal extent, their visual matches showed evidence of a strong depth foreshortening.
Perceptual variables such as perceived depth, or, more generally, perceived extent,
are psychological constructs that refer to internalized information about the layout
of the physical world; the internal representations are commonly assumed to mediate
certain behavioral measures of the analogous perceptual variables (Philbeck and Loomis
1997). The apparent inconsistency between locomotor indications of extent and visual
matches of extent is remarkable for at least two reasons. First, the magnitude of the
difference in responses is quite large; visual matches suggest that there is a strong
perceptual foreshortening in the depth dimension (up to 50% or more), whereas compression is entirely absent in visually directed walking responses. Both types of responses
have been well-studied and the results are robust across a variety of experimental settings.
This being the case, large response differences between two tasks that ostensibly measure
the same perceptual variable are particularly striking. Second, there has been increasing interest in the relative contributions of perceptual and nonperceptual factors in
the control of spatially directed actions (Aglioti et al 1995; Brenner and Smeets 1996;
Bridgeman et al 1981; Goodale et al 1986; Mack et al 1985; MacLeod and Willen 1995;
Philbeck and Loomis 1997; Post and Welch 1996; Smeets and Brenner 1995). In particular,
some motoric indications of spatial properties have been found to be insensitive to
perceptual distortions such as those that occur in visual illusion figures. The large
differences between the matching and walking responses in Loomis et al (1992) make
this paradigm a useful tool for exploring processes that may underlie other apparent
inconsistencies between perception and motor behavior.
1.1 Three hypotheses
The explanation favored by Loomis et al (1992) was that perceived egocentric distances
and perceived extents are represented independently to some degree and need not be
consistent. In this view, when observers perform an interval walking task, they direct
their walking to two accurately perceived egocentric locations in sequenceöthe endpoints of the intervalöwithout reference to the perceived exocentric separation of the
endpoints that is presumably foreshortened in depth. There is experimental support
for this idea, in both the visual-perception and motor-control domains (Abrams and
Landgraf 1990; Baird and Biersdorf 1967; Gillam and Chambers 1985; Mack et al 1985;
MacLeod and Willen 1995; Marteniuk and Roy 1972). Although this view does have
explanatory power, it suggests that perceived extents are not completely specified by
the perceived locations of the endpoints of those extents. This introduces considerable
theoretical and computational complexity. Perhaps for this reason, investigators working within the more traditional framework have tended to conceptualize visual space
as a unitary, internally consistent construct (eg Cutting and Vishton 1995; Foley 1991;
Gogel 1993; Gogel and Da Silva 1987).
A second and more traditional hypothesis assumes that egocentric distances beyond
3 ^ 4 m are perceptually compressed, in keeping with the decreasing effectiveness of
primary distance cues such as binocular parallax (Foley 1985; Gogel and Da Silva
1987). Exocentric intervals are perceptually foreshortened because they are derived
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from the perceptually compressed egocentric distances of the interval endpoints. Visual
matches presumably reflect the compression in perceived egocentric distance, but the
observer corrects (consciously or unconsciously) for this distortion when producing the
walking responses. Thus, even though the extent judgment tasks are nominally exocentric
in nature, perceived egocentric distance is the controlling input to both response types.
In this view, walking and matching indications of extents appear to be inconsistent
because they are calibrated differently. Although this hypothesis explains the data well
for fairly simple tasks, accurate performance in more demanding tasks (eg triangulation
by walking or pointingöFukusima et al 1997; Loomis et al 1992) suggests that the details
of the calibration processes are likely to be complex.
A third hypothesis is that visual matches and visually directed walking indications of
extents draw upon independent spatial representations, with a relatively accurate representation underlying motoric responses and a more anisotropic representation underlying
perceptual reports such as the matching judgments. Milner and Goodale (1995) have
accumulated evidence from a variety of research contexts that visual information is
processed independently to some degree in two anatomically distinct neural streams.
They cite the Loomis et al (1992) data as behavioral evidence of this anatomical dissociation. One difficulty with this explanation as it stands is that, although walking to
the first endpoint of the extent is accurate, observers typically overshoot dramatically
when attempting to walk to the second endpoint; the mean systematic errors exceed
70% in some conditions (Loomis et al 1992; Philbeck 1997). Thus, although walked
indications of extent are accurate in the sense of there being no evidence of depth
foreshortening, they are quite inaccurate in terms of absolute error. The processes underlying this accuracy trade-off are still unclear. A complete account of the behavioral
dissociation between walking and matching indications of extent may yet involve a
separation of anatomical systems, but, as with the other hypotheses presented here, there
are complexities that remain unexplored.
Here, a fourth alternative that sidesteps some of the problematic aspects of the other
three is investigated. This explanation retains the notion of visual space as an internally
consistent construct, it does not assume any corrective processes, and it assumes that a
single underlying representation controls both visual matches and walking responses. The
hypothesis begins with the notion that the layout of an unchanging stimulus configuration
is perceived differently depending on what behavioral response is required. In this view,
both matching and walking responses are based on the perceived layout, but when a
matching response is required, the perceived depth is more foreshortened than it is
when a walking response is required. Matching responses reflect a more immediate
perception based upon the proximal stimulation, whereas walking responses reflect a
more accurate perceptual representation that incorporates spatial information gathered
over a relatively small epoch of time (eg several fixational eye movements). Because
the perception underlying each response type depends upon the task, I will refer to
this fourth alternative as the task-dependent information processing hypothesis.
Far from being a remote possibility, this hypothesis has strong theoretical underpinnings and is supported by extensive experimentation. There is abundant evidence
that eye position affects perceived depth. Foley and Richards (1972) found that voluntary
eye movements made between two endpoints of a depth interval can greatly increase
indications of perceived depth relative to those obtained while fixation is held constant.
Although the dynamics of this enhancement have not been explored, presumably the
perceived depth is initially compressed and then rapidly increases to a new steady state
over the course of several changes in fixation. Gogel and others (Gogel 1965; Gogel and
Tietz 1977; Lodge and Wist 1968; Wist and Summons 1976) have shown that, when the
eyes are held stationary and distance information is weak, the perceived depth between
two target tends to be compressed: targets that are displaced in depth from a fixated
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target tend to be perceptually drawn toward the perceived distance of the fixation point.
This so-called equidistance tendency (EDT) is a robust perceptual phenomenon; it is
readily observed in reduced viewing conditions and is also a powerful explanatory
construct in accounting for a variety of perceptual phenomena in well-structured natural
environments (Gogel 1965; Gogel 1990).
Little is known about how the tasks of preparing walking versus matching responses
might differentially influence the spontaneous pattern of eye movements that observers
generate while they inspect a natural scene. Thus, it is possible that walking and
matching tasks tend to engender different patterns of eye movements, thereby affecting
perceived depth in a manner consistent with the known effects of eye position on
depth perception. In this view, when observers are required to walk without vision to
indicate the magnitude of an extent, they look back and forth between the endpoints
of the stimulus interval. Such eye movements are to be expected; fixating the target of
an intended action is a natural and spontaneous behavior and can itself enhance the
stimulus information used to localize the fixated point (Ballard et al 1995; Collewijn and
Erkelens 1990). At first glance, depth separations are compressed, but over the course
of several eye movements the perceived extent of depth intervals becomes enhanced,
in a manner consistent with the findings of Foley and Richards (1972). When observers
visually compare exocentric intervals in preparation for a matching response, they
presumably make fewer eye movements among the interval endpoints, causing the
EDT to receive greater weight in determining the perceived endpoint separation. Thus,
in the matching response, perception is in effect `frozen' at an early time step, in which
perceived depth is distorted by the EDT. In contrast, the walking response is based
on a perceptual representation that has become more accurate through time by virtue
of additional eye movements. Although temporal factors in the visual control of action
have been discussed (Goodale et al 1994; Rossetti 1998), the dynamics of perception
itself have received much less attention in the context of perceptuomotor interactions.
Thus, this hypothesis remains an important theoretical possibility that is both parsimonious and accords well with existing data.
It should be mentioned that eye movements are not a crucial feature of this
explanation. Gogel and Sharkey (1989) suggest that, even without eye movements, changes
in voluntary attention can alter the effectiveness of the stimulus information used in
determining perceived egocentric and exocentric distances. More specifically, distributing attention to particular parts of an object or configuration can result in perceptions
that more accurately reflect the distal stimulation than when attention is distributed
over the whole object or configuration (Rock 1986). Mack et al (1985), for example,
found that observers reported larger illusions of extent in MÏller-Lyer figures when their
attention was distributed over the whole figure than when it was directed specifically
toward the vertices. Visual matching tasks, then, could encourage the observer to distribute attention over the whole configuration, yielding distortions in perceived depth, and
the walking task could focus attention specifically on the endpoints of the interval,
resulting in a more accurate perception of depth.
More generally, it may be that, unless a motoric behavior such as walking is required,
the benefit of additional eye movements or localized attention does not develop. If so,
one would predict that depth intervals should remain perceptually foreshortened when a
visual matching response is required, even if an observer spends hours inspecting
a particular stimulus configuration. Consistent with this notion, nonmotoric visual
comparisons of extents typically suggest a strong perceptual anisotropy, despite long
periods of observation (eg Haber 1985; Levin and Haber 1993; Loomis and Philbeck
1999; Norman et al 1996; Wagner 1985).
In this paper two experiments are described. The first establishes that the
foreshortening in perceived depth is robust and can be elicited even at relatively near
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viewing distances. Previous work has suggested that this was likely to be true, but this
was important to confirm because near viewing distances allow a particularly powerful
test of the task-dependent information processing hypothesis. After establishing that
perceptual foreshortening does exist at distances of 3 ^ 5 m, that hypothesis is tested in
experiment 2 by presenting stimuli at these distances. Although the phenomenon to be
explained concerns differences between visually directed walking and matching indications of exocentric intervals, experiment 2 tests walking as an indication of egocentric
distances. The reasons for this will be described in more detail below.
2 Experiment 1
Depth foreshortening has been demonstrated at relatively near distances (within 4 m)
under well-lit viewing conditions, but these studies typically present stimuli on a horizontal surface such as a table top, thereby creating a fairly shallow angle of regard of the
viewing surface with respect to the observer's viewpoint (Baird and Biersdorf 1967;
Norman et al 1996). By contrast, studies in which the observer views the stimuli on the
ground from his or her natural eye height have not been conducted indoors at near
distances. It is possible that perceptual anisotropy would be reduced or even eliminated
under these conditions; distance information is more effective, the angle of regard is
steeper, and often there are familiar-sized objects nearby that could facilitate depth
scaling. It is important to confirm that perceptual anisotropy exists in this region, because
relatively near viewing distances are advantageous for eliciting fixational effects. For a
constant physical depth separation between two targets lying on the ground, their angular
separation (seen from the viewpoint of a standing observer) becomes larger as viewing
distance decreases. One might expect larger angular differences to enhance fixational
effects because the angular direction of the nonfixated target is greater.
In experiment 1, observers attempted to create depth intervals that matched frontal
intervals in a natural, well-lit indoor setting. Relatively near stimulus distances (3 ^ 5 m)
and binocular viewing were used, and angles of regard were determined by the observer's
natural eye height.
2.1 Method
2.1.1 Participants. Eleven individuals from the university community (six male, five
female) consented to participate in the study in exchange for US $5. Their ages ranged
from 18 to 27 years, with the mean age being 21 years. They all reported having normal
vision in both eyes, corrected if necessary, and were na|« ve about the purposes of the study.
2.1.2 Design and stimuli. On each trial, the stimulus configuration consisted of three
balls (9 cm in diameter), arranged in a triangular pattern on the ground. Two lay in a
frontoparallel plane with respect to the observer, and were always separated by 0.5 m.
The leftmost ball of this pair lay in the observer's median sagittal plane, and the rightmost ball was displaced to the observer's right. The third ball lay behind the left ball
of the frontal pair in the observer's median sagittal plane, thereby denoting a depth
interval. The observer remotely adjusted the location of this ball in depth by instructing the experimenter to move it closer or farther away. The adjustment on each trial
was made in either a descending or an ascending series, with each series occurring
equally often. At the beginning of descending trials, the adjustable ball was placed about
1.5 m behind the leftmost ball of the frontal pair and moved toward the observer, and at
the beginning of ascending trials, the adjustable ball was placed immediately behind the
leftmost frontal ball and moved away from the observer.
The stimulus configurations were presented at each of three distances: 3, 4, and 5 m;
this was the distance from a point on the observer's instep to the near ball of the depth
pair. Each combination of distance and adjustment series was measured 4 times, yielding
a total of 24 trials. The presentation order was fully randomized.
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2.1.3 Laboratory. The experiment was conducted in a well-lit indoor classroom
6.0 m67.7 m. Chairs and tables were visible nearby, but there were no objects within
1.5 m of the stimulus configurations other than the experimenter.
2.1.4 Procedure. The observer stood throughout the experiment, and began each trial
wearing a blindfold. Upon a verbal signal, he or she raised the blindfold and binocularly
viewed the stimulus configuration. The experimenter grasped the adjustable ball and
began to slowly move it toward or away from the observer on descending or ascending
trials, respectively. To guard against the possibility that the experimenter might bias the
observer's responses, the experimenter moved the ball at the same rate (about 10 cm s 1 )
on every trial until instructed to stop by the observer. Using this method of remote
adjustment, the observer attempted to create a physical match between the `depth' pair
and the `frontal' pair. The observer was allowed to continue making adjustments until
fully satisfied with the match. Each trial was terminated only after the observer had
viewed the stationary configuration and verified that he or she was satisfied with the match.
The instructions pointed out the distinction between the apparent separation
versus the physical separation of the ball pairs, and that the apparent and physical
separations can be different when configurations of objects are viewed at a slant. The
observers were encouraged to take this knowledge into account and create matches
such that a tape measure would yield identical values if extended between each pair
of balls in sequence. Although objective instructions such as these tend to produce
systematically different data from those obtained under subjective instructions, the
objective-instructions data typically underestimate the magnitude of distortions in
measures of perceived layout (Carlson 1977). Matches made under objective criteria
thus provide a particularly strong test of the existence of perceptual distortions. Even if
observers covertly adopted a more appearance-based strategy (eg creating a perceived
isosceles right triangle: Foley 1972; Higashiyama 1981), one would expect these strategies
to yield even greater distortions.
2.2 Results
Even in a well-lit indoor setting, at near distances and under binocular viewing the
observers set the depth separations about 25% larger than required to physically
match the frontal separations. Figure 1 shows the average responses expressed as a
ratio of the matched depth to the physical frontal separation. Two-tailed t-tests
confirmed that, at each viewing distance, the depth settings were significantly different
from the 0.5 m separation required to make a physical match (t10  4:5, 5.6, and 6.6
for the 3, 4, and 5 m viewing distances, respectively; all ps 5 0:01). These results
strongly suggest that there was indeed sizable foreshortening in perceived depth under
these conditions.

Matched depth=width

2.0
1.8
1.6
1.4
1.2
1.0
0.8

2

3
4
5
6
Distance to frontal interval=m

Figure 1. Results of the interval matching task of
experiment 1. The mean depth settings, divided by the
standard frontal interval, are plotted as a function of
the egocentric distance of the nearest element of the
stimulus configuration. The data are averaged over
repetition, matching series (ascending/descending), and
observer. The error bars show 1 standard error of the
mean, and the horizontal dotted line shows the expected
matching ratio under accurate responding. To facilitate
comparison with previous work, the scaling of the
ordinate axis is the same as that used in figures 3a and 5a
of Loomis et al (1992).
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3 Experiment 2
After demonstrating in experiment 1 that perceived depth compression can be elicited
even in relatively near space, a similar environment was used in experiment 2 to test the
task-dependent information processing hypothesis. Given well-structured viewing conditions, there are two important assumptions of the task-dependent information processing hypothesis. (i) The egocentric distances of unfixated targets will be misperceived if
they are based on information obtained from only one fixation, owing to the EDT. This
does not require that the fixated and attended locations be coincident; Wist and Summons
(1976) found that the equidistance tendency operates even when attention is directed to
some location other than the fixation point. (ii) Under some circumstances, these perceptual distortions can be diminished if visual information is integrated over successive
saccades or shifts in the spatial locus of attention. This predicts that if the perceived
egocentric distances of unfixated points are probed before a second saccade or attention
shift can extract more information, those perceived distances should be biased toward the
perceived distance of the fixation point, in a manner consistent with the EDT.
Experiment 2 was conducted to test these predictions. Two balls were presented on
the floor of a well-lit room, defining a depth interval. Exposure to the stimuli was
limited to either 150 ms, an interval too brief for the observer to plan and execute a
saccade, or 5 s, an interval sufficient for the execution of several saccades. In the briefexposure condition, a fixation point was presented prior to the exposure so that the
observer fixated one or the other of the two balls during the exposure. After the glimpse,
one of the balls was specified as the target and the task was to indicate its egocentric
distance by closing the eyes and attempting to walk to its location. In the long-exposure
condition, fixation was unconstrained and the task was again to walk without vision to a
specified ball. If assumption (i) above is true, in the brief-exposure condition the perceived
egocentric distance of the specified target ball (as measured by the walking response)
should be perceptually drawn toward the perceived distance of the fixated ball; walking should be accurate when the target is directly fixated during the brief glimpse and
should be biased toward the fixated ball if the walking target is not fixated during the
glimpse. Assumption (ii) predicts that in the long-exposure condition walking should be
accurate regardless of which ball is specified as the target, because information may now
be integrated over additional saccades or shifts of attention.
Walking without vision was used as a measure of perceived distance, because in
Loomis et al (1992) this response showed no compression in depth relative to frontal
intervals. In previous work, my co-authors and I have found that when observers indicate
the egocentric distance to a target using visually directed walking, their responses are
highly consistent with verbal distance judgments, across a wide variety of viewing conditions (Loomis et al 1998; Philbeck and Loomis 1997; Philbeck et al 1997). We interpret
this as strong evidence that visually directed walking is indeed responsive to perceived
egocentric distance. According to the task-dependent information processing hypothesis, the cues used to control walking and visual matches should be identical at the level
of a single fixation. The perceived layout that underlies the control walking, however,
is assumed to change dramatically over the course of several saccades. Thus, observing
the pattern of responses in the walking task is of particular interest.
Loomis et al (1992) hypothesized that visually directed walking and visual matches
of exocentric intervals may produce different results because walking is directed to
two endpoint locations in succession. This suggests that egocentric information receives
greater weight than exocentric information in determining the final stopping points in
the walking task, even though the task is nominally exocentric. In an attempt to shed
some light on this matter, observers in the current experiment viewed the stimuli either
with both eyes or with one eye covered. Because closing one eye eliminates binocular
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disparity, a powerful cue to perceived depth, the separation between the targets should
appear smaller and might therefore enhance equidistance effects.
3.1 Method
3.1.1 Observers. Eight observers (four men and four women) from the university
community were paid $16 to participate in this study. Their ages ranged from 20 to 28
years; the median age was 23.5 years. Five of the eight observers were within normal
limits on tests of stereoacuity and near and far visual acuity, corrected if necessary;
two others had poorer stereoacuity (thresholds of 29.44 and 33.06 s of arc) but were
otherwise within normal limits. All observers were na|« ve about the purpose of the
experiment and the stimulus locations to be used.
3.1.2 Design and stimuli. The observers participated in the monocular and binocular
blocks on different days, separated by about 1 week. The block order was counterbalanced and equal numbers of men and women participated in each order. The exposure
duration manipulation (150 ms, 5 s) was blocked, and the block order was counterbalanced. The exposure duration block order for each observer was the same for both
monocular and binocular sessions. Effects of gender and block order were not analyzed.
The experiment was conducted in a well-lit indoor classroom, 7.3 m67.9 m (see
figure 2). The stimuli were two balls (12.4 cm diameter), presented on the floor in the

(iii)
(ii)
(i)

x 5m
Time
(not to scale)

Possible
target
locations

x 4m

(a)
Virtual location of
illuminated lamp

x 3m

Illuminated
lamp

Shutter
Fixation lamp
locations

(b)

Beam
splitter

Aperture

Figure 2. (a) Schematic diagram of the temporal sequence of views seen by the observer in a typical
brief-exposure trial of experiment 2. (i) As the trial begins, a fixation point appears for 4 s while
the shutter is opaque. (ii) The fixation point is extinguished, and immediately thereafter the shutter
becomes transparent for 150 ms. (iii) The shutter becomes opaque once more, after which the
walking target is specified and the walking response is executed. (b) Schematic drawing of a portion
of the laboratory space, showing the locations of the fixation lamps, the three possible target
locations, and the beam splitter/shutter apparatus. One fixation lamp is shown to be illuminated,
to illustrate the correspondence between the location of the virtual image of the lamp and the
associated target location.
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observer's median sagittal plane. On each trial, these balls could appear at one of
three equally likely pairings of locations: 3 and 4 m, 4 and 5 m, and 3 and 5 m. These
separations were chosen because they were in the range of those used by Loomis et al
(1992). The near and far ball of these pairs were each selected as the walking target
on half the trials. In the 150 ms exposure trials, observers fixated one of the two balls
during the exposure, with equal frequency. The combination of fixation location and
walking target meant that observers ultimately attempted to walk to either a fixated or
an unfixated stimulus. Note that when a particular walking target was directly fixated,
it was always seen in the context of a non-target stimulus: eg a fixated walking target
at 3 m was seen in the context of another ball at either 4 m or 5 m. Variations in the
location of the unfixated, non-target ball associated with a particular walking target
was not a manipulation of interest and it in fact had little effect on the data, so the
data were collapsed across this variable. In the 5 s exposure conditions, fixation was
unconstrained, so fixation location could not be completely crossed across exposure
duration. Two measurements were obtained for each condition, and within each block
the presentation order was fully randomized.
3.1.3 Apparatus. To view the stimuli, the observer stood behind a wooden frame that
housed a liquid-crystal shutter and beam splitter. From the observation position, the frame
had the appearance of a door with a horizontal rectangular aperture (12.7 cm617.8 cm)
in it. The height between the ground and the center of the aperture was 147 cm for all
observers; this ensured that the angular separation between targets in each condition
was the same for all observers.
Just behind the aperture was a liquid-crystal shutter (Edmund Scientific: New Jersey)
used to occlude vision of the classroom and targets. The shutter could be made transparent or opaque with nominal rise and fall times of 10 and 30 ms, respectively. When
the shutter was transparent, the observer could see the stimulus balls on the floor of the
classroom. When the shutter was opaque, it blocked the view of the classroom and
had the appearance of a featureless gray field. A piece of clear glass behind the shutter
functioned as a beam splitter to superimpose the image of the fixation point onto the
appropriate stimulus location. Each fixation point was generated by one of three small
incandescent lamps (12 V, 80 mA) secured to the floor to the observer's left. At the
beginning of the brief-exposure trials, the reflected image of one of the fixation lamps
appeared as a luminous pinpoint within the gray field of the opaque shutter, in a
location that was optically coincident (in egocentric distance as well as in direction)
with one of the three possible target locations. Because the shutter material was itself
slightly reflective and not entirely flat, a dim `halo' image of the fixation lamp appeared
to surround the sharp image reflected off the beam splitter; the observers were instructed
to ignore the halo. The fixation lamps were not visible when extinguished. It may be that
the perceived distance of a particular fixation lamp and its corresponding stimulus-ball
location differed somewhat, owing to the fact that the stimulus balls were seen in the
context of the well-lit classroom and the fixation lamps were seen in the context of the
gray field of the opaque shutter. However, one would expect the more reduced viewing
context surrounding the fixation point to enhance the influence of the EDT.
3.1.4 Procedure. One practice trial (without error feedback) was conducted to familiarize
the observer with the procedure. Observers wore hearing protectors throughout the
experiment to minimize auditory localization cues. An eye patch was worn over the
nondominant eye during the monocular session.
150 ms exposure trials. At the beginning of each trial, one of the fixation lamps
was illuminated against the opaque shutter for 4 s and then extinguished, followed
immediately by a 150 ms glimpse of the classroom. After this, the observer lowered the
blindfold and the experimenter verbally specified which ball was to be the walking
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target (`near ball' or `far ball'). The observer sidestepped one pace to the right to
maneuver around the frame, and attempted to walk to the physical location of the
specified target (under objective instructions). The walked distance was measured as
the straight-line distance from a point directly beneath the viewing aperture to the
observer's left instep at the terminal location of the walking response. The observer
was led back to the starting point without vision and no error feedback was given.
5 s exposure trials. These trials were conducted in much the same way as the 150 ms trials,
except that no fixation lamp was illuminated. At the beginning of each trial, the shutter
was made transparent, providing a 5 s glimpse of the room and target stimuli. As in the
brief-exposure trials, the experimenter specified the walking target after the observer's
vision had been obscured, and then the observer executed the response.
3.2 Results
Walked distances were essentially accurate in all conditions, showing an average constant
error of about 6.5% (undershooting) of the target distance. The manipulation of exposure
duration had very little effect upon walked distance, and within the brief-exposure
conditions there was no effect of fixation location. Similarly, there was no effect of
number of eyes used during viewing.
The left-hand panels of figure 3 show the pattern of responses that would be predicted
if the EDT biased walking toward the fixated point. In the leftmost top panel, walking
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Figure 3. Left-hand panels. Qualitative predictions for the effect of the
equidistance tendency on walked
indications of egocentric target distance executed without vision. When
fixation is controlled by brief stimulus presentation, the perceived
distance of the unfixated point, as
measured by visually directed walking, is predicted to be biased toward
the perceived distance of the fixation
point, which is assumed to be accurate. The perceived target distance
is also predicted to be accurate
under longer exposure durations (bars
marked `free fixate'), in which fixation is unrestricted. The magnitudes
of biases in this figure were chosen
to illustrate the predicted ordering
of responses if an equidistancetendency-like bias were operating
and do not represent more quantitative predictions.
Right-hand panels. Mean walked distances in the brief exposure trials
(the three leftmost bars in each
panel) and the long exposure trials
(bars marked `free fixate' in each
panel). The figures collapse across
the monocular/binocular viewing
manipulation. The data for the bars
marked `target' and `free fixate'
were collapsed over variations in
non-target stimulus locations. The
error bars show 1 standard error
of the mean.

Walking to fixated and unfixated targets

269

is predicted to be directed accurately to the walking target when it is directly fixated
(leftmost bar). The second bar from the left shows a condition in which the targets are at
3 and 4 m. The target at 4 m is fixated during the glimpse, and then the 3 m target is
designated as the walking target. The EDT predicts that the 3 m target should be overshot
because the perceived location of the 3 m target is drawn toward that of the fixated target
at 4 m. In the third bar, the walking target is again 3 m but the fixated location is at 5 m.
The perceived distance of the 3 m target is predicted to be drawn toward the fixated
target at 5 m, yielding even more overshooting. Walking is predicted to be accurate in the
long-exposure condition (fourth bar), because there is sufficient time to make additional
saccades between the interval endpoints. The predictions for walking directed to the other
two stimulus locations follow similar logic. For purposes of illustration, the perceived
distance of the unfixated point (as measured by visually directed walking) is shown to be
perturbed by 50 cm for every 1 m increase in the physical separation of the fixated and
unfixated stimulus balls. This degree of perturbation was chosen merely to illustrate the
predicted ordering of responses and is not meant to represent quantitative predictions of
the effect of fixation location on perceived distance.
The right-hand panels of figure 3 show the results of the 150 ms exposure trials
(the three leftmost bars in each panel) and the 5 s exposure trials (the rightmost bar in
each panel). This figure collapses across the monocular/binocular manipulation because,
as we will see, statistical analyses showed this manipulation to have no effect. The bars
marked `target' represent responses in trials in which the walking target was directly
fixated during the brief glimpse, and those marked `free fixate' represent responses
in which fixation was unconstrained by virtue of the longer exposure duration. The
data in these bars were collapsed across variations in the non-target stimulus location,
as mentioned in section 3.1.2. The other bars in figure 3 show trials in which one
ball was fixated but the other ball was subsequently specified as the walking target.
A comparison of the predicted pattern of responses in figure 3 (left-hand panels) with
the actual data (right-hand panels) shows that manipulation of the fixation location did
not yield the pattern of results predicted by the task-dependent information processing
hypothesis. None of the manipulations, including fixation location, affected the precision of responses; the variable error, both between and within observers, was about
6% of the target distance for all conditions.
Although these results are readily apparent in the figure, some sort of statistical
comparison is needed. First, note that the fixation manipulation (foveal/parafoveal)
could not be completely crossed with exposure duration (150 ms/5 s), because eye movements were unconstrained in the 5 s exposure trials. To deal with this, the walking
responses to each target distance were analyzed in separate ANOVAs, with the unconstrained fixation in the 5 s exposure block treated as one of three levels of the fixation
manipulation (foveal/parafoveal/unconstrained). The data were averaged over the two
measurements per condition prior to performing the ANOVAs. (A separate ANOVA was
performed on the 150 ms trials by themselves, with target distance included as a variable,
but the results of this analysis were not substantially different from the one mentioned
above, so those results will not be included here.)
A primary assumption of the task-dependent information processing hypothesis is that
the locations of unfixated targets will be distorted by the EDT if they are based on information obtained from only one fixation; specifically, the perceived egocentric distance
of an unfixated target should be displaced toward the perceived egocentric distance of
the fixated point (Gogel 1965). The data did not support this prediction: there was no
main effect for fixation (F2, 14  0:098, 1.116, and 2.377 for 3, 4, and 5 m viewing distances;
all ps 4 0:05). Similarly, there was no main effect of presence or absence of binocular disparity (F1, 7  0:207, 0.501, and 0.108 for 3, 4, and 5 m viewing conditions;
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p 4 0:05), and no disparity6fixation interaction (F2, 14  1:233, 0.252, and 0.431 for 3,
4, and 5 m viewing conditions; p 4 0:05).
3.3 Discussion
Task-dependent information processing does not provide a good explanation of the
differences between the visual matching and walking indications of spatial intervals in
Loomis et al (1992). As measured by visually directed walking, the perceived location
of unfixated targets was not drawn toward the perceived distance of the fixated location when vision was limited to a single fixation. Thus, there is no evidence that the
EDT biased walking under the well-lit viewing conditions of this experiment. It is
interesting that a 150 ms exposure to the stimulus scene was sufficient to yield nearly
accurate walking performance. Because of the high walking accuracy under brief stimulus
exposures, it remains unclear whether additional saccades might enhance the accuracy
of perceived locations, if distortions are present. Walking without vision did not indicate
a further change in perceived location under longer viewing exposures.
Even though experiment 2 suggests that inappropriate fixation does not alter the
perceived distance of the endpoints of a depth interval, this does not mean that the depth
interval itself was accurately perceived. Although explicit judgments of the magnitude of
exocentric intervals were not obtained here, other research suggests that, under similar
viewing conditions, the perceived extent of an interval is not solely a function of the
perceived egocentric distances of the endpoints defining the interval. Loomis and Philbeck
(1994) found that an alteration of stimulus cues (monocular vs binocular viewing) that
produced a change in perceived depth as measured by a matching task had little or no
effect upon perceived egocentric distance indicated by open-loop point-ing and walking.
To the extent that the matching and open-loop motoric behaviors were in fact responsive
to perceived extents and distances, these results provide evidence in favor of some degree
of dissociation of perceived extents and perceived locations. It remains to be seen,
however, whether this apparent dissociation also interacts with response modality
(vision-based or action-based).
What, then, is the explanation for the differences between the visual matches and
walked indications of extent in Loomis et al (1992)? The experiments presented here
provide strong evidence that the differences are not due to an equidistance effect, but
they do not rule out any of the three other hypotheses discussed in the introduction.
As was mentioned earlier, however, each of these other hypotheses requires further
elaboration to account for all the data. Clearly, this is a complex issue, and a satisfying
explanation may ultimately draw from more than one of these hypotheses. Given the
number of alternatives, however, the work presented here makes a substantial contribution by ruling out a particularly parsimonious explanation that is supported by
much theoretical and empirical evidence.
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